This study investigated altitudinal changes in leaf-lamina hydraulic conductance (K L ) and leaf morphological traits related to K L using five Rhododendron species growing at different altitudes (2500-4500 m above sea level) in Jaljale Himal region in eastern Nepal. Sun leaves were collected from the highest and the lowest altitude populations of each species, and K L was measured with a high pressure flow meter method. Leaf-lamina hydraulic conductance ranged from 7.7 to 19.3 mmol m −2 s −1 MPa −1 and was significantly positively correlated with altitude. The systematic increase with altitude was also found in K L , leaf nitrogen content and stomatal pore index. These relationships suggest that plants from higher-altitude habitats had a large CO 2 supply to the intercellular space in a leaf and high CO 2 assimilation capacity, which enables efficient photosynthesis at high altitude. The variation in K L was associated with the variation in several leaf morphological traits. High K L was found in leaves with small leaf area and round shape, both of which result in shorter major veins. These results suggest that the short major veins were important for efficient water transport in unlobed leaves of Rhododendron species. The extent of lignification in bundle sheaths and bundle sheath extension was associated with K L . Lignified compound primary walls inhibit water conduction along apoplastic routes. All species analyzed had heterobaric leaves, in which bundle sheath extensions developed from minor veins, but strongly lignified compound primary walls were found in Rhododendron species with low K L . It is still unclear why cell walls in bundle sheath at minor veins were markedly lignified in Rhododendron species growing at lower altitude. The lignified cell wall provides a high pathogenic resistance to infection and increases the mechanical strength of cell wall. The data imply that lignified bundle sheath may provide a trade-off between leaf hydraulic efficiency and leaf mechanical toughness or longevity.
Introduction
Altitude is an important environmental factor that restricts life forms and geographical distributions of montane plants because several environmental factors concomitantly change with altitude ( Jump et al. 2009 ). For example, the adiabatic lapse rate of air temperature is ∼0.4-0.8 °C per 100 m depending on air humidity ( Körner 2003) . In middle latitude regions, precipitation increases with increasing altitude due to the advection of moist air toward a mountain and lower air temperatures at higher altitudes ( Kuhn 2012 , Jones 2013 . Decrease in atmospheric pressure with increasing altitude causes the gas diffusive coefficient to be high at high altitude, which influences gas exchanges in plants ( Jones 2013 ). The altitudinal differences in growing environment drive the diversification of plants' physiological and morphological adaptations. Plants from higher-altitude habitats have leaves with greater photosynthetic capacity measured under similar normal conditions than those from lower-altitude habitats ( Körner 2003) . A thick leaf with high nitrogen content from a large amount of photosynthetic proteins allows high CO 2 assimilation capacity in high-altitude habitats ( Sparks and Ehleringer 1997, Körner 2003) . High stomatal density and stomatal conductance in leaves at high altitude increase the CO 2 supply to leaf intercellular space (Körner et al. 1986 , Rawat and Purohit 1991 , Körner 2003 . High stomatal conductance is associated with high water transport capacity because efficient water supply through a plant body causes a leaf to maintain a high transpiration rate ( Sperry 2000) . In particular, leaf hydraulic conductance is a key trait for plant water use and efficient leaf carbon gain ( Brodribb and Holbrook 2003 , Sack et al. 2003 , Brodribb et al. 2007 . However, few studies have addressed a relationship between leaf hydraulic conductance and altitude.
Leaf hydraulic conductance differs largely among plant species ( Sack and Holbrook 2006) , and varies with several environmental factors such as transpiration demand ( Sellin et al. 2013 , Aasamaa et al. 2014 , Carins Murphy et al. 2014 , rainfall ( Nardini and Luglio 2014) and light conditions ( Sack et al. 2003 , Sack and Frole 2006 , Carins Murphy et al. 2012 , as well as physiological and morphological traits of a leaf such as the maximum photosynthetic rate ( Brodribb et al. 2007, Brodribb and Feild 2010) , specific leaf area ( Nardini et al. 2012 ) and vein density Feild 2010, Sack and Scoffoni 2013) . As the altitude increases, several environmental factors change in a complex manner. Consequently, it is difficult to consider how leaf hydraulic conductance changes with altitude and what factors constrain the relationship between leaf hydraulic conductance and altitude.
Here we examined altitudinal changes in leaf hydraulic conductance in five Rhododendron species that grow across different altitudes in the Jaljale Himal region in eastern Nepal. Thirteen Rhododendron species are known from this area ( Ohba and Akiyama 1992) and form a dominant part of the canopy from 2000 to 4500 m above sea level (a.s.l.) ( Singh and Singh 1987) . Rhododendron arboreum and R. barbatum reach >10 m in height and are dominant in the secondary forest between 2000 and 3000 m a.s.l. Several Rhododendron species that reach 5 m in height are commonly found between 3000 and 3800 m a.s.l., and shrubby or prostrate Rhododendron species cover the slopes above 3800 m a.s.l., in an alpine climate. Previous studies have shown that Rhododendron species growing in dry or cold habitats have stems more resistant to xylem embolism ( Cordero and Nilsen 2002 , Lipp and Nilsen 1997 , Mayr et al. 2010 . However, the adaptations of leaf water transport capacity to different altitudes remain unclear. We collected twigs from the highest and lowest altitude populations of the five Rhododendron species (R. anthopogon, R. arboreum, R. barbatum, R. campanulatum and R. thomsonii) and measured the inter-and intra-specific variations in leaf-lamina hydraulic conductance (K L ) with respect to altitude. In addition, to explore the variation in leaf traits constraining the variation in K L , we also measured leaf morphological traits and examined the correlations of K L with those leaf morphological traits.
Materials and methods

Plant materials
This study was conducted on five Rhododendron species (R. anthopogon D. Don, R. arboreum Smith var. cinnamomeum (Wall. ex G. Don) Lindl, R. barbatum Wall. ex G. Don, R. campanulatum D. Don and R. thomsonii Hook. f.) growing in Jaljale Himal, eastern Nepal (27°29′N, 87°27′E). These species were commonly found growing at the different altitudes of interest. Six to eight fully exposed branches per species were collected from three to four individuals from populations growing at the highest and lowest altitudes for each species along the trail (R. anthopogon: 3400-4470 m a.s.l.; R. campanulatum: 3400-4130 m a.s.l.; R. thomsonii: 2950-3450 m a.s.l.; R. barbatum: 2900-3450 m a.s.l.; R. arboreum: 2750-3500 m a.s.l.). The sampling was conducted between 09:00 and 11:00 h. The collected branches were put in a plastic bag and brought to the campsites. Seven to eight leaves were used for the measurement of leaf lamina conductance (K L ) and anatomical analyses. Another seven to eight leaves were collected for measurements of specific leaf area, nitrogen content and leaf stable isotope carbon discrimination. All samplings and measurements were made between 12 August and 2 September 2012. Air temperature and relative humidity at 06:00 and 12:00 h were determined every day from 8 August to 3 September 2012 in a round trip between 2200 and 4500 m a.s.l. with an aspiration psychometer (Theodor Friedrichs & Co., Schenefeld, Germany) at a height of 1 m. Vapor pressure difference between leaf and atmosphere relative to atmospheric pressure (VPD) is estimated as an index of transpiration demand, on the assumption that leaf temperature is equal to air temperature and relative humidity in a leaf is 99%. The changes in atmospheric pressure with altitude were estimated according to Jones (2013) . The altitude was estimated with a barometric altimeter (PRO TREK PRG-110CJ, CASIO, Tokyo, Japan).
Leaf lamina hydraulic conductance
Leaf-lamina hydraulic conductance was measured by a high pressure flow meter method (HPFM, Sack et al. 2002) . The sample leaf was attached to a tubing of HPFM apparatus, and soaked in water in a commercial vacuum flask during measurement. Leaf-lamina hydraulic conductance was measured around 25 ± 2 °C in dark conditions. In the HPFM apparatus, flow was generated by positive pressure (~0.25 MPa) from a solution reservoir (TM5R, Unicontrol, Chiba, Japan) to the sample petiole via a high-resistance tubing system. The flow solution was 20 mM KCl, made using rainwater filtered through a 0.2 µm membrane filter (Sartorius, Göttingen, Germany). The highresistance tubing was a 300-cm segment of polyethyletherketone (PEEK) tubing with 0.13 mm internal diameter (PEEK tube, Shimadzu GLC, Tokyo, Japan). Hydraulic conductance of the high-resistance tubing was determined from the ratio of mass flow rate through the tubing measured with an electronic balance (Sperry et al. 1988, AUW220, Shimadzu, Kyoto, Japan) to applied pressure, and was 0.196 mmol s −1 MPa −1 . After the flow was stable, pressures before and after the high-resistance tubing were determined with pressure transducers (AP-V80, Keyence, Osaka, Japan), and recorded with a datalogger (CR1000, Campbell, Logan, UT, USA). First, hydraulic conductance of a whole leaf was measured. The whole-leaf hydraulic conductance was determined at flow rate between 3 and 7 µmol s −1 and at pressure after the high-resistance tubing between 0.15 and 0.2 MPa. Then, the leaf lamina was cut from the petiole and then the petiole conductance was measured. Leaf-lamina hydraulic conductance was obtained by subtracting petiole resistance (=reciprocal of conductance) from hydraulic resistance of a whole leaf.
Due to the small size of their leaves, K L of R. anthopogon was measured using a current-year shoot bearing six to eight leaves. The current-year shoots were cut at the shoot base. The shoot hydraulic conductance was measured with the HPFM apparatus, and then the stem-to-petiole hydraulic conductance was determined after all leaves were removed at the base of the leaf lamina. Leaf-lamina hydraulic conductance was calculated by subtracting stem-to-petiole resistance from shoot resistance. A previous study suggested that the measurement for K L using a whole shoot underestimates K L because resistance of leaves and stems show the complicated arrangement both in series and parallel within a shoot ( Sack et al. 2002) . However, because the insertions on all leaves were concentrated at the tip of the shoot in R. anthopogon, the underestimating effect on K L is expected to be subtle.
All measurements were made in a tent. Because air temperature in the tent fluctuated, the temperature of the high-resistance tubing and water reservoir for the sample leaf were monitored with a thermocouple. For the calculation of sample resistance, hydraulic resistance of high-resistance tubing was corrected for water viscosity at the measured temperature. Leaf-lamina hydraulic conductance values were standardized for a thermal effect on viscosity of water by correcting to a value for 25 °C.
Water transport in a leaf occurs via xylem in venation (xylem pathway), and then through a cell-to-cell path in the parenchyma from the vein xylem to the epidermis (outside-ofxylem pathway). To separate xylem and outside-of-xylem pathways, the leaf lamina of R. arboreum, R. campanulatum and R. thomsonii from the lower altitudinal populations were heated in water at ∼70 °C for 5 min, after the hydraulic resistance of a whole leaf was determined. The heat treatment collapses the cell membranes in the parenchyma, eliminating the outside-of-xylem pathway and allowing specific measurement of hydraulic conductance of the xylem pathway (K X ) ( Cochard et al. 2004 , Gascó et al. 2004 . Hydraulic conductance of the outside-of-xylem pathway (K OX ) was obtained by subtracting 1/K X from 1/K L .
The measured leaf was digitalized by a digital camera (Optio WG-90, RICOH IMAGING, Tokyo, Japan). From these images, the leaf lamina area was estimated using ImageJ, http://rsbweb.nih. gov/ij/. Leaf-lamina hydraulic conductance, K X and K OX values were normalized to leaf-lamina area.
δ 13 C and nitrogen content of a leaf
Seven to eight of the collected leaves were photographed with a digital camera (WG-90, Pentax, Tokyo, Japan). From the images, leaf area was measured with ImageJ. These leaves were dried in an oven overnight in the same manner as the drying plant specimen, and stored in plastic bags with silica gel. After bringing back to Japan, the samples were dried in an oven at 80 °C overnight again, and their dry masses were determined. Specific leaf area was calculated as a ratio of leaf area to dry mass. The dried leaves were ground to a fine powder with a multi-bead shaker (MB501U, Yasui Kikai, Osaka, Japan), and subsequently the C isotope ratios and %N were measured with an elemental analyzer (Vario Macro cube, Elementar, Mt Laurel, NJ, USA) coupled to stable isotope ratio mass spectrometers (Isoprime, Isoprime Ltd, Cheadle, UK). Stable isotope abundance was calculated as:
where R sample and R standard are 13 C/ 12 C of sample and the reference Pee Dee Belemnite standard, respectively. Leaf carbon isotope discrimination (Δ) was determined by Farquhar and Richards (1984) : 
Leaf morphological traits
To assess the morphological effects on K L , anatomical traits of the leaf lamina and midrib xylem were measured. For each of the leaves, several square leaf discs (5 mm on a side) and a 7-mm long piece of midrib were collected from the middle part of the leaf lamina and from the base of the midrib, respectively. They were fixed in 50% ethanol, and re-fixed in formalin/acetic acid/ethanol/water (2:1:12:5) after bringing back to Japan. Leaf discs from seven leaves were cleared using the method of Berlyn and Miksche (1976) . Briefly, the leaf disc was soaked in 10% NaOH solution for 2 weeks at room temperature, then placed in chlorine bleach for 30s, and washed several times with distilled water. For observations of stomata, the cleared leaf disc was immersed in chloral hydrate (Wako, Osaka, Japan) in 50% glycerin (Wako), and photographed with a digital camera (DP71, Olympus, Tokyo, Japan) mounted on a light microscope (BX50, Olympus). Stomatal density and length of guard cells were measured from >40 stomata in a leaf disc. We calculated the stomatal pore index (SPI) as the product of stomatal density and the square of the pore length ( Sack et al. 2003) . For the measurement of vein density, the cleared leaf disc was stained with 0.1% safranin (Division Chroma, Münster, Germany) in distilled water, and photographed with a digital camera mounted on a light microscope ( Sack and Frole 2006) . Vein length was measured in a 3.2 × 2.5 mm region. Vein density was determined as the ratio of total vein length to analyzed area. Density of major veins (first-and second-order veins) was determined on the digital image used for leaf area measurement. Length and perimeter of leaf lamina were also measured on the same images.
Thin sections of midrib xylem were hand-sectioned from six leaves. Whole xylem was photographed with a digital camera mounted on a stereoscopic microscope (SZX16, Olympus), and the midrib-xylem area was estimated using ImageJ. To estimate xylem-vessel diameter, we photographed a region surrounded by rays containing >50 vessels with a digital camera mounted on a light microscope. Vessel diameter was estimated by measuring vessel-lumen area assuming that the vessel lumen is a circle. Theoretical midrib conductivity normalized by midribxylem area was calculated according to the Hagen-Poiseuille equation (hydraulic conductivity = Σπd 4 /8η where d and η are vessel diameter and viscosity of water, respectively, Tyree and Zimmermann 2002). Theoretical midrib conductivity based on leaf area (k midrib ) was estimated by multiplying theoretical hydraulic conductivity normalized by midrib-xylem area and the ratio of midrib-xylem area to leaf lamina area. To explore the effect of leaf-lamina length, we also calculated the theoretical midrib conductance based on leaf area (=k midrib /leaf lamina length).
For leaf anatomical analyses, the leaf discs were dehydrated in ethanol and embedded in 2-hydroxyethyl methacrylate-based resin (Technovit 7100, Heraeus Holding, Hanau, Germany). Cross-sections of 3 µm in thickness were made on an ultramicrotome (Ultracut B, Leica Microsystems, Tokyo, Japan) and stained with a mixed solution of 0.3% astra blue (Marker Gene Technologies Inc., Eugene, OR, USA) and 0.04% safranin for 1 h (modified from a method by Schweingruber et al. 2011) . The cross-sections were photographed with the digital camera mounted on the light microscope. From the images, maximum distance between vein xylem and abaxial epidermis, leaf thickness and the ratio of palisade-to spongy-tissue thickness were measured with ImageJ.
To assess the effect of lignification on K L , 3-µm thick sections were stained by berberine ( Brundrett et al. 1988) . The sections were soaked in 0.1% berberine-sulfate (Wako) in distilled water for 1 h and in 0.5% aniline blue (Sigma Aldrich, St Louis, MO, USA) for 45 min to quench the ground fluorescence of the cell wall and nonspecific berberine staining. To quench the autofluorescence from the chloroplast, the sections were soaked in Lugol's solution (Wako) for 20s and washed several times with distilled water. The section was mounted in 0.1% FeCl 3 (Wako) in 50% glycerin and observed with a fluorescence microscope (BX50, Olympus). The lignified parts were stained pale. To confirm whether berberine stained lignified walls, we stained some sections with phloroglucinol, which specifically stains lignin in red ( Pomar et al. 2002) . Several 3-µm thick sections were stained with 1% phloroglucinol (Wako) in 17% hydrochloric acid. We confirmed that berberine-stained parts corresponded to those stained by phloroglucinol (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Statistical analyses
Intra-specific differences in K L between leaves from the higherand lower-altitude habitats were tested by Student's t-test. Correlations were examined using Pearson's correlation coefficient test, the threshold for statistical significance was P ≤ 0.05. The differences in K X and K OX among R. arboreum, R. campanulatum and R. thomsonii were analyzed by one-way analysis of variance (ANOVA). When a significant difference was detected, Tukey's multiple comparison test was conducted for the group at P ≤ 0.05. All statistical analyses were performed using statistical software (R, http://www.r-project.org/).
Results
Environmental conditions changed with altitude. Air temperature at predawn (06:00 h) decreased by 0.5 °C per 100 m of increased altitude (Figure 1a , y = −0.050x + 28, r = 0.97, P < 0.01). Midday air temperature was about 20 °C at 2500 m a.s.l. but decreased to 10 °C at 4500 m a.s.l., although the air temperature fluctuated depending on the weather (Figure 1a) . Relative humidity varied during the experimental period, but seldom dropped to <80% (Figure 1b) . We estimated the vapor pressure difference between leaf and atmosphere relative to atmospheric pressure (VPD) to be ∼30% lower at 4500 m a.s.l. than at 2500 m a.s.l. under the same relative humidity. However, no significant correlation of VPD with altitude was found because the VPD depended not on air temperature but on relative humidity (Figure 1c) .
Leaf-lamina conductance (K L ) ranged between 7.7 and 19.3 mmol m −2 s −1 MPa −1 among five Rhododendron species, and were related positively to the growing altitude (Figure 2 , r = 0.75, P < 0.05). In this study, K L was measured in dark conditions, but K L values were sufficiently high not to be inhibited by passage of water through stomatal apertures ( Tyree et al. 2005) . The intraspecific differences in K L between leaves from higher and lower altitudes were statistically significant in R. anthopogon (P < 0.01, Student's t-test) and R. arboreum (P < 0.01), although no significant differences were detected in the other three species (P = 0.81 for R. barbatum, P = 0.51 for R. campanulatum and P = 0.37 for R. thomsonii).
We also observed a positive correlation of altitude with leaf nitrogen content (Figure 3a , r = 0.76, P < 0.05) and SPI ( Figure 3b , r = 0.68, P < 0.05). Altitude was also negatively correlated with leaf carbon isotope discrimination (Δ value) ( Figure 3c , r = −0.68, P < 0.05). Leaf-lamina hydraulic conductance was related positively to nitrogen content (Figure 3d , r = 0.83, P < 0.01) and SPI (Figure 3e , r = 0.89, P < 0.01), but there is no statistically significant correlation between K L and Δ value (Figure 3f , r = −0.55, P = 0.10).
Next, we explored the leaf morphological traits related to K L , which the previous studies have indicated (Figure 4 and see Table S1 available as Supplementary Data at Tree Physiology Online). In contrast to results from previous studies, no significant correlations with K L were found in leaf thickness (Figure 4a , r = −0.18, P = 0.62), a ratio of palisade-and spongy-tissue thickness (Figure 4b , r = 0.29, P = 0.42), maximum distance between vein xylem and abaxial epidermis (Figure 4c , r = 0.26, P = 0.46), vein density ( Figure 4d , r = 0.45, P = 0.19) and theoretical midrib conductivity on a leaf area basis (k midrib , Figure 4e , r = −0.06, P = 0.87) among the five Rhododendron species. On the other hand, statistically significant relationships were found between K L and leaf area (Figure 4g , r = −0.69, P < 0.05) and the square of perimeter per leaf-lamina area (P 2 /A, Figure 4i , r = 0.71, P < 0.05), although there was no correlation between K L and ratio of perimeter to leaf area (P/A) (Figure 4h , r = 0.46, P = 0.18). Interestingly, K L was correlated not with k midrib , but correlated significantly with theoretical midrib conductance on a leaf area basis (=k midrib /leaf lamina length) (Figure 4f , r = −0.86, P < 0.01).
Another morphological trait related to K L was lignin deposition on compound primary walls (primary wall and middle lamella together) at the highest order vein with bundle-sheath extension. Lignified compound primary wall was found in sclerenchyma or collenchyma cells with thick secondary walls except for leaves of R. anthopogon from lower-altitude habitats ( Figure 5 and see Figure S1 available as Supplementary Data at Tree Physiology Online). The extent of lignification was associated with K L . In leaves of R. anthopogon from higher-altitude habitats, which showed the highest K L , lignification was found in narrow regions just above the vein xylem (Figure 5a) . Notably, the leaves of R. anthopogon from lower-altitude habitats showed lower K L than those from higher habitats, and had lignified primary walls of bundle-sheath cells. The lignification was found even in some of the minor veins without bundle sheath extension (Figure 5b ). In contrast, in the leaves of R. arboreum and R. barbatum, which showed lower K L , bundle sheath extension cells had lignified compound primary walls on both adaxial and abaxial sides ( Figure 5c and d) . The leaves of R. campanulatum and R. thomsonii showed lignified compound primary wall of cells in bundle-sheath extension only at the adaxial side ( Figure 5e and f) . To examine the inhibiting effect of lignified bundle sheath on water transport of outside-of-xylem pathways, we measured hydraulic conductance of vein-xylem pathway (K X ) and of outside-of-xylem pathways (K OX ) using lower-altitude populations of R. arboreum, R. campanulatum and R. thomsonii (Figure 6 ). Analysis of variance and Tukey's test showed that both K X and K OX values were higher in R. campanulatum and R. thomsonii than those of R. arboreum.
Discussion
Leaf-lamina conductance (K L ) was correlated positively with altitude across five Rhododendron species, and K L in two species differed significantly between higher-and lower-altitude habitats (Figure 2) . We also found a steady increase in K L , leaf nitrogen content and SPI with altitude ( Figure 3 ). These relationships suggest that Rhododendron species from higher-altitude habitats had high CO 2 supply and CO 2 assimilation capacities, and enabled efficient photosynthesis in the high-altitude habitats.
K L depends on leaf traits related to water transport pathway in a leaf ( Sack and Frole 2006 , Brodribb et al. 2007 , Buckley 2015 . Previous studies have indicated the significant correlations of altitude with several leaf traits: vein density Frole 2006, Brodribb et al. 2007) , maximum distance between vein xylem and epidermis ( Brodribb et al. 2007 ), leaf thickness ( Sack et al. 2003 , Xiong et al. 2015 , leaf area , Xiong et al. 2015 , theoretical midrib conductivity ( Sack and Frole 2006) and leaf shape (ratio of perimeter to area, Sisó et al. 2001 , Sack et al. 2003 . However, the significant correlations of K L were found in three morphological traits: leaf area, ratio of perimeter squared to leaf area (P 2 /A), and lignin deposition in bundle sheath and bundle-sheath extensions (Figures 4g, h and 5, and see Table S1 available as Supplementary Data at Tree Physiology Online).
Adaptive importance of altitudinal changes in K L
In Rhododendron species, a positive correlation of K L with altitude can contribute to effective photosynthesis at different growing altitudes. At high altitude, photosynthetic rate can be lowered by the reduction in enzymatic activity of Rubisco due to low air temperature as well as a small CO 2 concentration in the liquid phase of mesophyll cells according to Henry's law ( Terashima et al. 1995) . The consistent increases in K L , leaf nitrogen content and SPI with increasing altitude can improve these negative altitudinal effects on photosynthesis (Figure 3d and e) . High leaf nitrogen content results from high concentrations of Rubisco ( Evans 1989) . Leaves with high nitrogen content likely compensate low enzymatic activity through large amounts of Rubisco. Stomatal pore index is related positively to the maximum stomatal conductance ( Sack et al. 2003 , Inoue et al. 2015 , so that high SPI of leaves from higher-altitude habitats is associated with greater CO 2 supply into the intercellular space of a leaf. In addition, the correlation of K L with SPI suggests the coordinated water transport between liquid-and vapor-phase in the leaf, resulting in efficient water use and gas exchange at different altitudes ( Sack et al. 2003, Sack and Frole 2006) . Negative correlation between leaf carbon isotope discrimination (Δ value) and altitude suggests that species growing at high altitudes had a lower internal CO 2 concentration and higher water-use efficiency than those growing at low altitudes (Figure 3c, Farquhar and Richards 1984) . The Rhododendron species growing at higher altitudes showed greater K L , SPI and nitrogen content, so the small internal CO 2 concentration was attributable not to limited supply of CO 2 through small stomatal conductance, but to high Rubisco activity due to high nitrogen content, as has been found in many alpine plant species ( Sparks and Ehleringer 1997, Körner 2003) . 
Leaf lamina area associated with variation in K L
In the five Rhododendron species, K L was negatively correlated with leaf area and the perimeter squared to leaf area ratio (P 2 /A) (Figure 4g and h, and see Table S1 available as Supplementary Data at Tree Physiology Online). Previous studies comparing simple and lobed leaves have suggested that more deeply lobed leaves with high P/A have a large K L ( Siso et al. 2001 , Sack et al. 2003 because the short transport distance of the pathways outside-of-major veins (=minor-vein and outside-of-xylem pathways) in highly lobed leaves can increase K L ( Sack et al. 2003) . In this study, contrastingly, all five Rhododendron species had ovate unlobed leaves. Low P 2 /A values indicate a round shape of a leaf. Both small leaf area and round shape result in shorter major veins. Because hydraulic conductance is negatively related to transport distance ( Tyree and Zimmermann 2002) , shorter major veins might result in higher K L . A theoretical study indicated that increment in hydraulic conductance of first-and second-order veins increases whole-venation conductance (K X ) much more strongly than that of the higher-order veins ( McKown et al. 2010) . Additionally, theoretical midrib conductivity on a leafarea basis was not significantly related to K L , but theoretical midrib conductance (=conductivity multiplied by lamina length) on a leaf-area basis was highly correlated with K L (Figure 4e and f). This result also supports the hypothesis that transport distance through major veins influences water-transport efficiency within the whole lamina.
As the altitude increases, the life forms of woody plants change from tall trees to shrubs and prostrate trees as tree height decreases ( Körner 2003) . In Rhododendron species, leaf size is correlated positively with tree height (see Figure S2 available as Supplementary Data at Tree Physiology Online, de Milleville 2001). The morphological relationship between tree height and leaf size, and the altitudinal influences on life form and tree height can cause a positive relationship between K L and altitude. High boundary layer resistance in shrubs and prostrate plants can increase leaf temperature and transpiration demand on a windless clear day even at high altitudes ( Larcher et al. 2010) . It might be adaptive for the shrubby life form to have high K L and high resistance to xylem embolism through small leaf area ( Scoffoni et al. 2011 .
Lignin deposition associated with variation in K L
Another plausible determinant of K L was the extent of lignification in the compound primary walls (primary wall and middle lamella together) in bundle-sheaths and bundle-sheath extensions. All species analyzed had heterobaric leaves, in which bundle-sheath extensions developed even from relatively highorder minor veins, and strongly lignified compound primary walls were found in Rhododendron species with low K L ( Figure 5 ). Lignified compound primary wall likely reduced the hydraulic conductance of an apoplast route, although the apoplast is expected to be the major water-transport route in the outsideof-xylem pathway ( Buckley 2015) . The openings for apoplast water transportin lignified compound primary walls are estimated to be <0.4 nm in diameter ( North and Peterson 2005) . The extremely small gaps and hydrophobicity of the lignified materials can nearly inhibit water transport. Therefore, it is reasonable that hydraulic conductance of the outside-of-vein pathway was lower in the leaves of R. arboreum with highly lignified bundle-sheath extensions than in those of R. campanulatum and R. thomsonii, which had lignification only on the adaxial side of the extensions (Figure 6 ).
In the Rhododendron species we analyzed, there were no significant correlations between vein density and K L or between the maximum distance from vein xylem to abaxial epidermis and K L (Figure 4c and d) , although previous studies have indicated that these two traits are tightly correlated with K L Frole 2006, Brodribb et al. 2007 ). This is probably because minor veins with lignified bundle sheaths irrigate much less water to mesophyll tissues than those without lignification in Rhododendron species. In leaves with lignified minor veins, the density of the veins that provide a substantial amount of water to the mesophyll tissues was likely underestimated relative to the measured vein density. Likewise, the measured maximum distance between vein xylem and the abaxial epidermis might not correspond to the actual distance of water transport in the outside-of-vein-xylem pathway.
In conclusion, we found that K L increased with altitude, and was associated positively with SPI and leaf nitrogen content within the five Rhododendron species, suggesting that the higher K L could contribute to efficient carbon gains at each of the growing altitudes. Our data suggested that the variations in leaf area and shape were related to leaf hydraulic conductance through major vein length. In addition, we indicated that lignification of compound-primary walls on bundle sheath and bundle-sheath extensions had a negative effect on leaf water transport. However, it is still unclear why cell walls in bundle sheath at minor veins were markedly lignified in Rhododendron species growing at lower altitude. Lignified compound primary walls inhibit water transport along apoplastic routes, but they provide a high pathogenic resistance to infection ( Sticher et al. 1997) and have increased mechanical strength of cell wall ( Koehler and Telewski 2006) . The data imply that lignified bundle sheath may provide a trade-off between leaf hydraulic efficiency and leaf mechanical toughness or longevity.
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